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Abstract 

Measurements of the trilinear gauge boson couplings WWj and WW Z are 
presented using the data taken by DELPHI in 1998 at a centre-of-mass energy 
of 189 GeV and combined with DELPHI data at 183 GeV. Values are deter- 
mined for A(7f and Ak^, the differences of the WW Z charge coupling and of 
the WW'-y dipole coupling from their Standard Model values, and for A^, the 
WWj quadrupole coupling. A measurement of the magnetic dipole and elec- 
tric quadrupole moment of the W is extracted from the results for Ak^ and A^. 
The study uses data from the final states jjiiy, jjjj, C-X, jjX and 7 A, where 
j represents a quark jet, i an identified lepton and A missing four-momentum. 
The observations are consistent with the predictions of the Standard Model. 



(Accepted by Phys.Lett.B) 



iM, T.Aiiye0 



P.AbreiS 
T.AUmendi: 
P.Andersso 
J-E. August- 
D.Y.Bardinll 

Yu.BelokopYtovO, K.Belo 
M.Besancon^, N.Besso: 
P.S.L.BoQlhy, G.Boriar 
LBozovicB, M.Bozzoy, MLBracb 
P.BuschmaniiEj, M£accia£3, M.Calvil 



W_AdamEJ, T 
Sjntj, P.P.Allpor 
A.Andreazz, 
A.Augnatjnu; 
I, G.Barke: 





M.V. Castillo GimenezI 



R.ChiericM P.ChliapmkovH, P.ChochulEO, 



E.Cortind'^Ol 

J.Cuevas ' 
N.Demari 
L.Di Ciacci 




ic0, Z 
.U.Amald 
N.Anjos 
A.Ballestre: 
Battagli, 
A.C.Bc: 
D.Bli 
O.Botne: 
' Branchin: 
Ji TXJampores: 
AXlattafl, F.R.CavalloO, M.Chank: 



yetU, P. 
, S.Almehe 
S.Andri: 
P.BailL 
Baroncell 
N.C.Benekoi 
M.S.BiL 
C.Bos, 




brechtta, 
N.Amapam 
P.Antilog 
P.Bambadt 

J.Baubillie: 
, C.Ber, 
H.M.Blo 
E.BoudinovP^ 
i.Brennerl 




.derweireldii 
Amatdfa 
W-D.A 
F.Bara( 
K-H.Becki 
M.Btjiggre: 



G.D.Aleks 
E^nashkirO 

Y.Arnoudli 
G.Barbiell 
M.BegalliH^ 
L.BeralzorO, D.Bertran 



L.BolB, M .Bonesinicj, 
B.BouquetEl, T.J.V.Bowi 



Bruckmaii 



J-M.Brune: 



.CanaleE3, F.Carenatl, L.C 



Ph.GharpentieTf I. 



tiecchiatj, 



josmecj, 
I, S.Czella 
A.De Angelisc 
Dorob 



Cossutticl. 
J.D'HondiM 
W.De Boeill 

IS0, J. Dree: 




zEa, J.ChudobaE3, K.CiealikEl, P.CollirisI 



H.B.Crawle 



D.Crenn 



J.Croi: 
Delia Ricci 



DavenportB, W.Da SilvaEfl, G 
B.De Lotto0, A.De Min@, L.De Paul 

" 3i@, M.E^UprtH, M.Elsing 



,_C.Eigen|, T.EkfiloO M.EUer 



ikisE3, D.Fa^ouliotialj, JVl-FoindtEj, J.Fe^m^ndozcJ, A.fqrreiEJ, E.Ferrer- 



^.Eferr 




R. Alemany ; 
.Anassontz^ 
B.Asman S 
, R.Barbieif! 
BehrmannC; 

ndt 

iO 



oonekamp 
I.Boykc L 
L.Bu; 
;o11eI C.Cascti 
A.Chclkov 



,33 



R.Contr 
G.Crosett 
P.Delpierrs 
H.Dijkstr; 
P.Enge! 
F.Ferrc 



M.Espirito SjantoEl, G.Fanouxakista, U.t'a^ouliotiSia, JVl.-bbindtLa, J.tenmn , , , 

A.Firestonelll, U_FlagrneyeikaL H.Foethkl, ^.FokitisH, _E.Fontanelllia, J.FranekEZi, A.G_Frodeseiia, ^.Fruhwirt: 



F.Fulda-i 
M. Caspar 
R.CokieliB 



pnzerEJ, J.Fu^ 
U.Caspariii 
B.GoL 



A.CallomB, D.CamhJla, S.C? 
Ph.Cavillctfl, E.NIlazisB, D.CeL 
GLCornez-Cebalkjaill, P.Goncalvi 



Yu.Couzia, V.Craccd 




J.CrahH, E 
llgrenE3, KJIamach' 
P.Herquetkl, H.Her: 



nH CLG 

S, I.Ci 

I.Cauzalez Cahalleroea, ^]l.Gopa] 



[iblinEj, M.Gandolma: 

T.CeralisB, N.Chodhan. 



S.HaiderH, A 
J. J. Hern, 
J.Hrub 
P. Jarr 

F Kapust apT K.Karafasouligl 



C.J.HughesS 
I, _B. Jean-MarieE 



Yu.Kh( 



.okhlovEj, 



B.A.K 




.zianiEl, C_GrosdidierEa,Ji.Crzelak^2, J.CuyEl, JJ.Haa^J, F 
J.HanaenEl, F.JJIarrify, S.Haugi!. F.HauleJia, V.Hedberi 



rtzta, E.Higo 
J.N. Jackso: 
E.K. Johansso: 



R Katsanevas P"! 
N.N.Khqmnskiy 



P.KluitEiJ, £,KokkiniasE3,.^ V.Kostioukhind 




ro, A.Leis^ 
Lipniack 

J.MacNaughtanEil, J.R.M, 



Z.Krumste: 
L.Leini 
D.Lik( 
L.Lyonf 
R.Maro 
J.Masi 
M.Mc Cub. 
L.Mirabitj 
D.Moraei 
B.Mury 
N.Neufel. 



A.G.OlahevskiU, A-Onofr. 



P.Jo 

E.C.Katsoufii 
A.Kiiskine: 
C . Kourkouinolii 



ia, P.J. Hoi; 
P.Jalochj 
C.Jor 



B.Kin^, AJ<invi, 



O.Koiiznotso 




qj, M.Kuiharczyktj, iKurowskaEj, J.W.LamsatL J-P.Laugierl 
R.Leitneie3, CLenzerCa, V.LeneltierEl, T.Lesiakta, M.Lethuillierl 

T;oppzrH. R, 



C.Casp, 
F.Glei 

L.Gor 
S.Hahn!! 
S.Heising 11 
M.Houldeu^ 
G.Jarlskog^ 
L. Jungermann H 

¥.Kersovan 
O.Klapp^ 

F.Ledroitjl; 
Liebig 



, S.Hoorelbel 

Ch.Jarl 
P.JuiUoJ 
G ^Kernel 



,G.LederEL 
. J.Libbyka, 



I.UnpiEa, J.G.LokenEa, J-H 



atoulEl, 



A.Maio 



lOpesca, J 
A.Male 



i.r gon 



B.MarechaE3, M.Mar; 
N^MastroyiannonpulosEj, F.Matorrasr^ 
iH, R.Mc Ka; 
W.A.Mitai 
P.Moretjin 



liEa, J-C. Marin j, C.MariottiO^.Markoul 




S.Maltezof 



pez-Fernandqi3 , D.Loul 
l3, V.Malyclie\l!I|, F.Mand: 
2| n i^/rartinez-RiverQ 



GJVIa 



P.Lut-f"l 
J.Marcc^ 
S. Marti i Card, 



G.MyattEJ, 
-R.Nicolaido 




PaivdB, J^ 

O.Passon 
, A. Petrolic 
Poropau 




R.Mc NultjEa G.Mc PhOTsonB, E 
U.MjoepmiarkEa, T.MDaQ, M.Mocli 
G.Morton!S 
yklebustE^ 



C.MattRiizziEa, G.MatthiacEa, FJ!4azzucat(£3 

erley, C.MfpniE3, W.T.K^e: 
, K.MoenigQ 
Mulders 



P. NiezurawskiEa, 



U.MuelleiEa, —K.Muenicl 
M_Nassiakoull3, F T, Navarri, 
M.NikDlenkcHy, 



M.R.Monge 



K.Naw 



ialacioi 



Oravata, .OsterbergB, A.Oura 
, ILPalkata, Th.D_Eapadopoulou' 



T.Paveltfa, _M.Pegorari£3, L.PeraltaEil, V.PempelitsaEi], IVLEernickaEJ, ^ 
H.T.PhiUipski F.PierreEl, NLPimentaEa, E.PiDttcEa, T.Podobniky , V.PoimauH, 



, V.Pozdnia^ 



akoM. 

n 



P.PriviterECa, N.Pu: 



P.N.Ratofiil, A.L.ReadEa, P,RebecchiH pJN.G.RedacU 



R.PairlHJ, 
A.Passeril 
C.Petri 

G. Polo 

H. Rahman 
P.B.Rento 
E.I.RosenbergEI 

A.SadovskyllJ, ^.Sajot|l£|, L.Salniit^, J.SaltH, TlSampsonidif|i2l, 
Ph.Schweml 
R.C. Sheila] 
G.R.Smit 



.Nomokonovta, 
A.Qyangure 



El, IfM 

vmcl 



L.PapS, CP. 
V.Pempelitsal^l, 




Mazzucati 
E.Miglior 
J.Montenegro ^ 
W.J.Murray !2 
S.Nemecek 
Obraztsovc; 
, S.Paian 
U.ParzefalEi 



L.K.ResvanisQ, 
P.Rosinskyu, P.Roudoa 




G.Rinaudo 



IRipitBaudo 



.RidkyN, 

TVRovelliy, V.Ruhlpann-KleideiMA.Rui: 
M.Saipinoy, A.S 



M.Stanitzk** 
T.Tabare"'l2!l 

M.Tobir 
CTronconM, 
E.Vallazzatzl, 




Ja, B.ScWirinja, U.SdiwickerathQ, JLScuriH, P.Seaeer0, Y.Sedv 

SimardH, ELSimonettoEj, AJ^.Sisakianllj G.SmadjJ^el 
A.Sopczal 
A .Stor.nhi 

A.Taffardd, O.Tchikilevha, F.Tegenfeld 
bmcB, A.To 



M.SiebelEa, , 
O.Solovianov 
K. Steven sor 



imonettoEa, 
R. Sosnoi 
J. Straus J^il 



Todorov: 
M-L.Turluerl 
_P.Van Dan 



1 



L.Tortoi 

I.A.TyapkiiJiZi, P.TvapkirO, S.Tzamariasti 



W.Van de: 



N.van Remortej3, I. Van Vulpero, G.VegniM. L.Ventur; 




Perrotta : 
M.E.Polt 

atd, A.Puma^, X!.Radojicu£a, S.Ragazzi!! 
M.ReglerEil, J.Rchnlia, D.ReidH R.Reinhardlg! 

A.Romeroc! 
H.SaaritVrliel 

y-Navarrcc 

A.M.Se] 
N.Smirno 
S.Squarc^J"! 



E.Snirit: 
B.StuguEl, M.S; 




P.Ronchese ^ 
, Y.SacquiniE 
^C.Schwanda '2 
R.Sekulin!!: 
O.Smirnova ^ 
C.Stanescu 
;ekowskiP3, M.Szeptycka 
TimmermansBil, N.Tintifl, L.G.Tkatchev |£ 
D.Treillda, G/TristramEl, VLTrochimczu: ' 
O.UUalanja, YJJvarovEl, G.Valenti 
kBE, A.Va 



J.Van EL 



F.Verbeurq3) P.VerdierP^I 



n Lysebetten 
M.VerlatJ 



L.S.Vertogiado 



V.VerziE 



D.Vilanovi 



L. Vitals 



E.Vlaso 



A . S . Vodopyanov 



G.VoulgEidjsQ, V.Vrb: 

H.WahlRij£3, A.J.WashbrookE3,^.WeiserH, D^ickej^, J.H.WickensB, G.R.Wilkinsor£3, M.WiptarEl, M.Wi 



G.Wolfl, J.Yii O.Yushdienkota, A^lewskata, J'.ZalewskiH, D.ZavrtanilJffI, E.ZevgolatakosO, N.I.Zimint 
A.ZintchenkoB, Ph.ZoUciy, G.ZumorlcEa, M.ZupanB 



i; 


1£ 
21 



^Department of Physics and Astronomy, Iowa State University, Ames lA 50011-3160, USA 
^Physics Department, Univ. Instelling Antwerpen, Universiteitsplein 1, B-2610 Antwerpen, Belgium 
and IIHE, ULB-VUB, Pleinlaan 2, B-1050 Brussels, Belgium 

and Faculte des Sciences, Univ. de I'Etat Mens, Av. Maistriau 19, B-7000 Mons, Belgium 
^Physics Laboratory, University of Athens, Solonos Str. 104, GR-10680 Athens, Greece 
^Department of Physics, University of Bergen, AUegaten 55, NO-5007 Bergen, Norway 
^Dipartimento di Fisica, Universita di Bologna and INFN, Via Irnerio 46, IT-40126 Bologna, Italy 
^Centro Brasileiro de Pesquisas Fi'sicas, rua Xavier Sigaud 150, BR-22290 Rio de Janeiro, Brazil 
and Depto. de Ffsica, Pont. Univ. Catolica, C.P. 38071 BR-22453 Rio de Janeiro, Brazil 
and Inst, de Fi'sica, Univ. Estadual do Rio de Janeiro, rua Sao Francisco Xavier 524, Rio de Janeiro, Brazil 
'^Comenius University, Faculty of Mathematics and Physics, Mlynska Dolina, SK-84215 Bratislava, Slovakia 
^College de France, Lab. de Physique Corpusculairc, IN2P3-CNRS, FR-75231 Paris Cedex 05, France 
^CERN, CH-1211 Geneva 23, Switzerland 

lOlnstitut de Recherches Subatomiques, IN2P3 - CNRS/ULP - BP20, FR-67037 Strasbourg Cedex, France 
ilNow at DESY-Zeuthen, Platanenallee 6, D-15735 Zeuthen, Germany 

l^Institute of Nuclear Physics, N.C.S.R. Demokritos, P.O. Box 60228, GR-15310 Athens, Greece 

l^FZU, Inst, of Phys. of the C.A.S. High Energy Physics Division, Na Slovance 2, CZ-180 40, Praha 8, Czech Republic 
^^Dipartimento di Fisica, Universita di Genova and INFN, Via Dodecanese 33, IT-16146 Genova, Italy 
l^Institut des Sciences Nucleaires, IN2P3-CNRS, Universite de Grenoble 1, FR-38026 Grenoble Cedex, France 
i^Helsinki Institute of Physics, HIP, P.O. Box 9, FI-00014 Helsinki, Finland 

Joint Institute for Nuclear Research, Dubna, Head Post Office, P.O. Box 79, RU-101 000 Moscow, Russian Federation 
^^Institut fiir Experimentelle Kernphysik, Universitat Karlsruhe, Postfach 6980, DE-76128 Karlsruhe, Germany 

Institute of Nuclear Physics and University of Mining and Metalurgy, Ul. Kawiory 26a, PL-30055 Krakow, Poland 
^OUniversite de Paris-Sud, Lab. de I'Accelerateur Lineaire, IN2P3-CNRS, Bat. 200, FR-91405 Orsay Cedex, France 
■^^ School of Physics and Chemistry, University of Lancaster, Lancaster LAI 4YB, UK 
22LIP, 1ST, FCUL - Av. Elias Garcia, 14-1°, PT-1000 Lisboa Codex, Portugal 
^^Department of Physics, University of Liverpool, P.O. Box 147, Liverpool L69 3BX, UK 

24LPNHE, IN2P3-CNRS, Univ. Paris VI et VII, Tour 33 (RdC), 4 place Jussieu, FR-75252 Paris Cedex 05, France 

■^^ Department of Physics, University of Lund, Solvegatan 14, SE-223 63 Lund, Sweden 

26Universite Claude Bernard de Lyon, IPNL, IN2P3-CNRS, FR-69622 Villeurbanne Cedex, France 

2''Univ. d'Aix - Marseille II - GPP, IN2P3-CNRS, FR-13288 Marseille Cedex 09, France 

2*Dipartimento di Fisica, Universita di Milano and INFN-MILANO, Via Celoria 16, IT-20133 Milan, Italy 

29Dipartimento di Fisica, Univ. di Milano-Bicocca and INFN-MILANO, Piazza delle Scienze 2, IT-20126 Milan, Italy 

30JPNP of MFF, Charles Univ., Areal MFF, V Holesovickach 2, CZ-180 00, Praha 8, Czech Republic 

31NIKHEF, Postbus 41882, NL-1009 DB Amsterdam, The Netherlands 

^■^National Technical University, Physics Department, Zografou Campus, GR,-15773 Athens, Greece 
^^Physics Department, University of Oslo, Blindern, NO-1000 Oslo 3, Norway 
34Dpto. Fisica, Univ. Oviedo, Avda. Calvo Sotelo s/n, ES-33007 Oviedo, Spain 
^^Department of Physics, University of Oxford, Keble Road, Oxford OXl 3RH, UK 
^^Dipartimento di Fisica, Universita di Padova and INFN, Via Marzolo 8, IT-35131 Padua, Italy 
^''Rutherford Applcton Laboratory, Chilton, Didcot OXll OQX, UK 

^^Dipartimento di Fisica, Universita di Roma II and INFN, Tor Vergata, IT-00173 Rome, Italy 
^^Dipartimento di Fisica, Universita di Roma III and INFN, Via della Vasca Navale 84, IT-00146 Rome, Italy 
^ODAPNIA/Service de Physique des Particules, CEA-Saclay, FR-91191 Gif-sur-Yvette Cedex, France 
*^Instituto de Fisica de Cantabria (CSIC-UC), Avda. los Castros s/n, ES-39006 Santander, Spain 

Dipartimento di Fisica, Universita degli Studi di Roma La Sapienza, Piazzale Aldo Moro 2, IT-00185 Rome, Italy 
"^^Inst. for High Energy Physics, Serpukov P.O. Box 35, Protvino, (Moscow Region), Russian Federation 
'*''j. Stefan Institute, Jamova 39, SI-1000 Ljubljana, Slovenia and Laboratory for Astroparticle Physics, 

Nova Gorica Polytechnic, Kostanjeviska 16a, SI-5000 Nova Gorica, Slovenia, 

and Department of Physics, University of Ljubljana, SI-1000 Ljubljana, Slovenia 
"SPysikum, Stockholm University, Box 6730, SE-113 85 Stockholm, Sweden 

*® Dipartimento di Fisica Sperimentale, Universita di Torino and INFN, Via P. Giuria 1, IT-10125 Turin, Italy 
'^''Dipartimento di Fisica, Universita di Trieste and INFN, Via A. Valerio 2, IT-34127 Trieste, Italy 

and Istituto di Fisica, Universita di Udine, IT-33100 Udine, Italy 
■^^Univ. Federal do Rio de Janeiro, C.P. 68528 Cidade Univ., Ilha do Fundao BR-21945-970 Rio de Janeiro, Brazil 
*^Department of Radiation Sciences, University of Uppsala, P.O. Box 535, SE-751 21 Uppsala, Sweden 
SOfFIC, Valencia-CSIC, and D.F.A.M.N., U. de Valencia, Avda. Dr. Moliner 50, ES-46100 Burjassot (Valencia), Spain 
^^Institut fiir Hochenergiephysik, Osterr. Akad. d. Wissensch., Nikolsdorfergasse 18, AT-1050 Vienna, Austria 
^^Inst. Nuclear Studies and University of Warsaw, Ul. Hoza 69, PL-00681 Warsaw, Poland 
^^Fachbereich Physik, University of Wuppertal, Postfach 100 127, DE-42097 Wuppertal, Germany 



1 



1 Introduction 

The properties of the final state in the reactions e^e^^ W~^W~ , Wev and vv) are 
sensitive to trihnear gauge boson couphngs This study uses data from the final 

states ijlv, 3333) 33^ and 7X (where j represents a quark jet, £ an identified 
lepton and X missing four-momentum) taken by the DELPHI detector at LEP in 1998 
at a centre-of-mass energy of 189 GeV. The data are used to determine values of three 
coupling parameters at the WWV vertex (with = 7, Z): A^ff , the difference between 
the value of the overall WW Z coupling strength and its Standard Model prediction; Ak^, 
the difference between the value of the dipole coupling, k^, and its Standard Model value; 
and A^, the WW'j quadrupole coupling parameter §]. 

In the evaluation of the couplings, a model has been assumed |^ in which contribu- 
tions to the effective WWV Lagrangian from operators describing possible new physics 
beyond the Standard Model are restricted to those which are CP-conserving, are of low- 
est dimension (< 6), satisfy SU{2) x U{1) invariance, and have not been excluded by 
previous measurements. This leads to possible contributions from three operators, Cw<f>, 
CB<t, and Cw, and hence to relations between the permitted values of the WW'y and 
WWZ couplings: Akz = Agff — ^An^ and Xz = X-y, where and are the sine 
and cosine of the electroweak mixing angle. The parameters we determine are related 
to possible contributions a^y^, aB<j, and aw from the three operators given above by: 
Agf = awcp/cl;, Ak^ = awcj, + a^^i, and \^ = aw 

The WWV coupling arises in WW production through the diagrams involving s- 
channel exchange of Z or 7, shown in figure |I]a. We study this reaction in the final states 
jjii', where one W decays into quarks and the other into leptons, and jjjj, where both 
Ws decay into quarks. 

In single W production, the dominant amplitude involving a trilinear gauge coupling 
arises from the radiation of a virtual photon from the incident electron or positron, 
interacting with a virtual W radiated from the other incident particle (figure |I]b). This 
process, involving a WW'j coupling, contributes significantly in the kinematic region 
where a final state electron or positron is emitted at small angle to the beam and is thus 
likely to remain undetected in the beam pipe. The decay modes of the W give rise to 
two final states: that with two jets and missing energy (jjX), and that containing only a 
single visible lepton coming from the interaction point and no other track in the detector 
(iX). 

The trilinear WWj vertex also occurs in the reaction e~^e~—* z/z/7 in the diagram in 
which the incoming electron and positron each radiate a virtual W at an euW vertex and 
these two fuse to produce an outgoing photon (figure |]c). In this process, which leads to 
a final state, 7X, consisting of a single detected photon, the WW'j coupling is studied 
completely independently of the WWZ coupling, as no WWZ vertex is involved. 

The next section of this paper describes the selection of events from the data and 
the simulation of the various channels involved in the analysis. Section |^ describes the 
methods used in the determination of coupling parameters. In section ^ the results 
from different channels are presented and combined with previously published DELPHI 
results [0 to give overall values for the coupling parameters. A summary is given in 
section ^. 
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Figure 1: Diagrams with trilinear gauge boson couplings contributing to the processes 
studied in this paper: a) e^e"^ W~^W~ , b) e"'"e"— > Weu, c) e"'"e~— > z/z/7. 



2 Event simulation and selection 

In 1998 DELPHI recorded a total integrated luminosity of 155 pb^^ at an average 
centre-of-mass energy of 188.63 ± 0.04 GeV. We characterise here the main features of 
the selection of events in the final state topologies jjii', jjjj, C-X, jjX and 7X, defined 
in the previous section. A detailed description of the DELPHI detector may be found 
in which includes descriptions of the main components of the detector used in this 
study, namely, the trigger system, the luminosity monitor, the tracking system in the 
barrel and forward regions, the muon detectors, the electromagnetic calorimeters and the 
hermeticity counters. The definition of the criteria imposed for track selection and lepton 
identification and a description of the luminosity measurement are given in 0. 



Event simulation: 



Various Monte Carlo models were used in the calculation of cross-sections as a function 
of coupling parameters in the different final states analysed. In the study of the jjiiy 
and jjjj channels, the four-fermion generators EXCALIBUR ^ and ERATO ||^ were 
used; the studies of the iX and jjX final states used calculations based on the program 
DELTGC §, cross-checked with GRC4F |Tg; DELTGC and NUNUGPV [0 were used 
to calculate the signals expected in the 7X topology. The EXCALIBUR and GRC4F 
models were interfaced to the JETSET hadronization model 11121 tuned to Z data lITS 



The study of backgrounds due to qq{'y) production was made using events from the 
PYTHIA model [|l4l, while EXCALIBUR was used to study the qquV contribution to the 

^ ^ and TEEG ^ 



jjX topology, and KORALZ [15 
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171 were used in the calcu- 



BHWIDE 

lation of backgrounds in the iX final state. PYTHIA and EXCALIBUR were used in the 
simulation of events from ZZ production. Two-photon backgrounds were studied using 
the generators of Berends, Daverveldt and Kleiss [|l^ and the TWO GAM generator |19| 



All of these generators were interfaced to the full DELPHI simulation program except 
DELTGC and ERATO, which were used only to calculate event weights as a function of 
the trilinear gauge coupling parameter values (see section H). 



Selection of events in the jjiu topology: 



3 



Events in the jjiiy topology are characterised by two hadronic jets, a lepton and missing 
momentum resuhing from the neutrino. The lepton may be an electron or muon (coming 
either from W decay or from the cascade decay of the W through a r lepton) or, in the 
case of T decays, the r might give rise to a low multiplicity jet. The major backgrounds 
come from qq{'j) production and from four-fermion final states containing two quarks and 
two leptons of the same flavour. 

Events with several hadrons were selected by requiring 5 or more charged particles 
and a total energy of charged particles recorded in the detector exceeding 15% of the 
centre-of-mass energy. In the selection of jjfii' and jjei' events, the candidate lepton 
was assumed to be the most energetic charged particle in the event; for jjru events, the 
lepton candidates were constructed by looking for an isolated e or or a low multiplicity 
jet. 

The selection procedure was identical to that used in our analysis of data at 
183 GeV p|, except that, in the selection of electron candidates, the component of the 
missing momentum transverse to the beam axis was required to be greater than 15 GeV/c 
and the angle between the electron candidate and the missing momentum was required 
to exceed 60°. 

The efficiency for the selection of jjii' events was evaluated using fully simulated 
events to be (79.3 ± 0.2)%, (59.4 ± 0.3)% and (31.7 ± 0.3)% for muon, electron and tau 
events, respectively. Using data taken only when all essential components of the detec- 
tor were operational, corresponding to an integrated luminosity of 149 pb~^, 263 muon, 
212 electron and 146 tau candidate events were selected. A background contamination of 
(0.226 ±0.016) pb was estimated, of which 58% came from the qq{'y) final state, 22% from 
Ze'^e^, 13% from ZZ and Z7* production and small contributions from non-semileptonic 
WW events and other sources. The errors on the efficiencies and background contribu- 
tions (where given) are statistical errors, resulting from the quantity of simulated data 
available. The systematic uncertainty resulting from these statistical errors is included 
in the results shown in section ^. 



Selection of events in the jjjj topology: 

The selection of events in the fully hadronic topology followed closely that used in our 
analysis of data at 183 GeV [Q, with only small changes in the values of kinematic cuts. 
All detected particles were first clustered into jets using LUCLUS with djoin = 



5.5 GeV/c. Events were accepted if they had at least four jets, with at least four 
particles per jet. Background from ^'(7) events was suppressed by imposing the con- 
dition y/s' > 130 GeV, where y/s' is an estimate of the effective collision energy in 
the (background) qq{'y) final state after initial state radiation Events were then 

forced into a 4-jet configuration and a 4-constraint fit was performed, requiring conser- 
vation of four-momentum. Then, in order to suppress the dominant background, which 
arises from the qq{'y) final state, the condition D > 0.0055 GeV^^ was imposed, with 
D = T^Omin/{Emax " Emin)] Emin and E^nax are the energies of the reconstructed jets 
with minimum and maximum energy and Qmin is the minimum interjet angle in radians. 
A further fit was then performed on surviving events, imposing four-momentum conser- 
vation and requiring the masses of the two reconstructed W^ to be equal. The fit was 
applied to all three possible pairings of the four jets into two W's,. Fits with reconstructed 
W mass outside the range 74 < vrJ^ < 88 GeV/c^ were rejected and, of the remaining 
fits, the one with minimum was accepted. 

The efficiency of the selection procedure was evaluated from fully simulated events 
to be (75.7 ± 0.2)%. A total of 1130 events was selected from data corresponding to 
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an integrated luminosity of 154.4 pb~^. Background contributions of (1.26 ± 0.02) pb 
and (0.187 ± 0.007) pb were estimated from qq{'y) and jjiu production, respectively. 
The method used in the analysis of the data to assign the reconstructed jets to W pairs 
was applied to a sample of simulated events generated with PYTHIA, with only the 
three doubly resonant CC03 diagrams for WW production present in the production 
amplitude; in this model the efficiency of the procedure was estimated to be about 74%. 

An additional problem in the analysis of the jjjj state is to distinguish the pair of 
jets constituting the W~^ decay products from that from the W~ . This ambiguity can be 
partly resolved by computing jet charges from the momentum-weighted charge of each 
particle belonging to the jet, Qjet = J2i J2i \p\f^ (where qi and pi are the charge 

and the momentum of the particle and the exponent is chosen empirically), and defining 
the W"^ charges, Qw+ and Qw-y as the sums of the charges of the two daughter jets. 
Following the method of ||22|, the distribution of the difference AQ = Qw- — Qw+ was 
then used to construct an estimator Pw- (AQ) of the probability that the pair with the 
more negative value of Qw is a W~ . 

An estimate of the efficiency of this procedure was made (for the same sample of 
simulated WW events as was used to estimate the jet pairing efficiency) by flagging the 
jet pairs with AQ < as W~ and comparing with the generated information. In order 
to separate this estimate from that for the efficiency of W pair assignment, only events 
with correct jet pairing were included in the comparison, leading to a value of 77% for 
the W charge tagging efficiency. 

Selection of events in the iX topology: 

In the selection of candidates for the iX final state, events were required to have only 
one charged particle, clearly identified as a muon from the signals recorded in the barrel 
or forward muon chambers or as an electron from the signals in the barrel or forward 
electromagnetic calorimeters. The corresponding selection criteria are described in detail 
in 0. In addition, the normal track selections were tightened: the track was required to 
pass within 1 mm of the interaction point in the xy plane (perpendicular to the beam) 
and within 4 cm in z. Lepton candidates were also required to have momentum below 
75 GeV/c, with a component transverse to the beam above 20 GeV/c. Events were 
rejected if there was an energy deposition of more than 5 GeV in the barrel or forward 
electromagnetic calorimeters which was not associated with the charged particle track, or 
if there was any signal in the hermeticity detectors. In the selection of electron candidates, 
the ratio of the energy measured in the electromagnetic calorimeter to the magnitude of 
the measured momentum was required to exceed 0.7. 

Imposing these criteria, 10 events were selected in data in the eX channel, and an 
efficiency of (31.2 ± 3.8)% was obtained for eeuu production. In the fiX channel, 11 
events were selected with a calculated efficiency of (51.2 ± 6.3)% for e/iz/z/ production. In 
both cases, the efficiency was evaluated in the phase space region defined by the following 
cuts: one (and only one) lepton was emitted at more than 10.3°, with an energy between 
20 GeV and 75 GeV. 

For Standard Model values of the couplings, 8.3 ± 1.0 single electron events were 
expected, comprising 4.5 events from eeuu production, 0.3 events from efiuu, 0.5 events 
from eruu with the r decay products unseen, 0.2 events from the same final state but 
with an electron or positron from the r decay observed in the detector, and 2.8 events 
from the reaction e'^e~— >e+e^7(7) with one electron (or positron) and the final state 
photon(s) unobserved. In the single muon channel, 10.1 ± 1.7 events were expected for 
Standard Model values of the couplings, comprising 4.2 events from efiuu production, 2.4 
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events from ee/i/i production (coming mainly from two-photon interactions), 0.3 events 
from erz/i/, 0.6 events from /i/xz/z/, 0.4 events from ^tuu, 2.1 events from /i/i7, and a 
negligible contribution from tt'j production. 

All the contributing channels except the Bhabha and Compton backgrounds in the 
eX final state and the fifij and ttj backgrounds and two-photon interactions in the fiX 
channel have a dependence on trilinear gauge boson couplings in their production, and 
this was taken into account in the subsequent analysis. 

Selection of events in the jjX topology: 

Events were selected as candidates for the jjX topology if they had total measured 
transverse momentum greater than 20 GeV/c and invariant mass of detected particles 
between 45 and 90 GeV/c^. The detected particles were clustered into jets using LUCLUS 
with djoin = 6.5 GeV/c, and events were accepted if they had two or three reconstructed 
jets. Surviving events were then forced into a 2-jet configuration. 

Events from the WW final state with one W decaying leptonically were suppressed by 
rejecting events with identified final state leptons (e or /i) of energy exceeding 12 GeV. In 
order to suppress the contribution from the qqi^j) final state, events were rejected if the 
acoplanarity was greater than 160°, where acoplanarity is defined as the angle between the 
projections of the jet momenta on to the plane perpendicular to the beam. In addition, 
events were rejected if the polar angle of either reconstructed jet was below 20°, if any 
charged or neutral particle of momentum exceeding 1 GeV/c was reconstructed within a 
cone of angle 30° about the direction of the missing momentum, or if there was a signal 
in the hermeticity detectors in a cone of angle 50° about the direction of the missing 
momentum. 

Applying these criteria to fully simulated events, an efficiency of (43.7 ± 1.5)% was 
calculated; in the data 64 events were selected. As in the iX topology, the efficiency is 
quoted with respect to a reduced phase space: the electron had to be emitted at less than 
10.3°, the angle between the missing momentum vector (calculated as the negative of the 
vector sum of the q and q momenta) and the beampipe had to be larger than 25°, the 
visible transverse momentum had to be at least 15 GeV/c and the visible energy had to 
be less than 160 GeV. Both momentum and energy here are taken from the four-momenta 
of the final state q and q. For the qq pair, acollinearity and acoplanarity had to be less 
than 170°, and the polar angle of both q and q had to exceed 20°. 

For Standard Model values of the couplings, a total of 60.3 ± 0.8 events are expected, 
comprising 17.0 events from the qqeu final state with the electron or positron lost in the 
beam pipe, 5.1 events from qqeu with the electron or positron elsewhere in the detector, 
22.0 events from qqru, 8.1 events from qqfiiy, 3.9 events from qquu, 4.0 events from gg(7) 
production, and 0.2 events from 77 interactions. All the processes contributing to the 
selected sample except qq{'~f) production and two-photon interactions include diagrams 
with trilinear gauge couplings, and this was taken into account in the subsequent analysis. 

Selection of events in the 7X topology: 

The production of the single photon final state, 7X, via a WW'j vertex proceeds through 
the fusion diagram shown in figure [l|c, while the dominant process giving rise to this final 
state, e'^e^—^Z'y with Z^ui/, involves bremsstrahlung diagrams. The sensitivity of the 
7X final states to anomalous WW'j couplings is therefore greatest when the photon is 
emitted at high polar angle. Events were selected if they had a single shower in the barrel 
electromagnetic calorimeter with 45° < 9^ < 135° and Ey > 6 GeV, where 9^ and 
are the polar angle and energy, respectively, of the reconstructed photon. It was also 
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required that no electromagnetic showers were present in the forward electromagnetic 
calorimeters, and a second shower in the barrel calorimeter was accepted only if it was 
within 20° of the first one. Cosmic ray events were suppressed by requiring any signal 
in the hadronic calorimeter to be in the same angular region as the signal in the electro- 
magnetic calorimeter and the electromagnetic shower to point towards the beam collision 
point Using these criteria, 145 events were selected from data corresponding to an 
integrated luminosity of 155 pb~^. The Standard Model expectation is 157. 7 ±3. 7 events. 
Values for the triple gauge boson couplings were fitted in the region > 50 GeV, which 
contained 59% of the events. In this region, an overall selection efficiency of (54 ±4)% 



was estimated 23 , with negligible background contamination. 



3 Methods used to determine the couphngs 

The analysis procedures applied are similar to those used in our previously reported 
analysis of data at 183 GeV 0, though somewhat different applications of the method 
of Optimal Observables were used in the analyses of the jjiu and jjjj final states. 

Optimal Observable analysis of jjiu and jjjj channels 

Data in both the jjii' and jjjj channels were analyzed using methods based on that of 



Optimal Observables |Q. The methods exploit the fact that the differential cross- sect ion, 
da/dV, where V represents the phase space variables, is quadratic in the trilinear gauge 
coupling parameters: 

= coiV) + J2c\iV) . A. + J2d^{V) ■ A. . A, , (1) 

where the sums in i,j are over the set A = {Ai, . . . , A„} of parameters under consider- 
ation. It has been shown that the "Optimal Variables" c\{V) / coiV) and C2iV)/co{V), 
approximated for real data by using the reconstructed phase space variables Q as ar- 
guments of the c\ and C2 , have the same estimating efficiency as can be obtained in 



unbinned likelihood fits of parameters Aj to the data |2^ . 

In the determination of a single parameter A, the joint distribution of the quantities 
Ci{fl)/co{Q) and C2{^)/co{Q) was compared with the expected distribution, computed 
from events generated with EXCALIBUR and passed through JETSET and the full 
detector simulation. An extended maximum likelihood fit, combining the information 
coming from the shape of the Optimal Variables and from the cross-section, has been 
carried out. At each stage the simulated data, which had been generated at a few values 



of the couplings, have been reweighted [26| to the required value of A using the matrix 



element calculation of the ERATO generator ||^ . In the case of events in the jjiu topol- 
ogy, the binning in these two variables was made using a multidimensional clustering 
technique, described in detail in [^]. This is an economical binning method in which 
the Ud real data points are used as seeds to divide the phase space into an equal number 
of multidimensional bins. Each simulated event is associated with the closest real event, 
resulting in an equiprobable division of the space of the Optimal Variables in which it is 
assumed that the best available knowledge of the probability density function is that of 
the real data points themselves. 

The use of such a technique becomes of particular importance when simultaneous 
fits to two coupling parameters are performed. The number of Optimal Variables then 



7 



increases to five: cJ/cq, c^/cq, Cg^/co, c^^/co and Cg^/co, and the use of equal sized bins in 
a space of this number of dimensions is impracticaL For events in the jjiiy topology, an 
extended maximum likelihood fit was performed over the bins for each pair of coupling 
parameters (Ai, A2) using this method. 

A somewhat different technique was used in 2-parameter fits to data in the jjjj 
topology. In this case, extended maximum likelihood fits were made to the binned joint 
distribution of only the first order terms c\/co and c^/cq in (|I|), but an iterative procedure 
was used, at each stage expanding the expression for the differential distribution of the 
phase space variables V about the values (Ai, A2) obtained in the previous iteration: 



^ 'C'' = co(Ai, A2, V) + ci(Ai, A2, V){\, - Ai) + cl{\^, A^, f )(A2 - A^) + ... . (2) 
dV 

It has been shown in reference that when this iterative procedure has converged 
sufficiently, the first order terms retain the whole sensitivity of the Optimal Variables 
to the coupling parameters A, the contribution from the higher order terms becoming 
negligible. In practice, this was achieved after about three or four iterations. As an 

example, figure shows the distribution of cf^^ {Q)/co{Q) for data and for the results of 
the fit described in the next section. 



Cross-check analysis of jjiu and jjjj channels 

In both the jjiu and jjjj channels, an additional analysis was performed using more 
directly measured kinematic variables in order to corroborate results obtained from the 
methods described above. 

In the jjiu topology, a binned maximum likelihood fit was made to the joint distribu- 
tion in cos 9w, the W~ production angle, and cos O^, the polar angle of the produced lepton 
with respect to the incoming of the same sign. In this study, somewhat looser criteria 
were imposed in the selection of the events, giving a total sample of 743 semileptonic 
events, with estimated efficiencies of (79.1 ± 0.3)%, (67.3 ± 0.4)% and (40.4 ± 0.5)% for 
muon, electron and tau events, respectively, and an estimated background contamination 
of 0.49 pb. A 4-constraint kinematic fit was then applied to the events, requiring conser- 
vation of four-momentum, and the variables cos 6w and cos 6e computed from the fitted 
four- vectors. The expected number of events in each bin was estimated using events gen- 
erated with PYTHIA corresponding to the reaction e^e~— * W^W~ and passed through 
the full detector simulation procedure. Again, a reweighting technique was used to de- 
termine the expected number of events for given values of the coupling parameters. The 
distributions of cos 6w and cos 61 for real and simulated data are shown in figure ^ 

In the jjjj topology, the second analysis involved a binned extended maximum like- 
lihood fit to the production angular distribution. Events were selected by constructing 
a probability function from the distributions of eleven kinematic variables, namely: the 
value of djoin in the LUCLUS algorithm when four rather than three natural jets are 
reconstructed; the sphericity; the angle between the two most energetic jets; the min- 
imal multiplicity in a jet; the second Fox- Wolfram moment; the D variable (defined 
above); s' (defined above); the fitted W masses; the product of the energy ratios of 
the two jets in the two reconstructed dijets; the minimal transverse momentum with 
respect to the beam axis of the 15 most energetic particles in the event; the transverse 
momentum of the jet pair obtained by forcing the reconstruction of exactly two jets. 
Using this procedure, a sample of 1331 events was selected with estimated efficiency of 
(86.6 ± 0.2)% and purity of (74.4 ± 0.4)%. As in the case of the optimal observable 
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analysis of this channel described above, momentum-weighted jet charges were then cal- 
culated to try to distinguish the decay products from those of the W~ . An angular 
variable Xg = cos 9w{Pw'{^Q) — Pw+{^Q)): was constructed from the cosine of the W 
production angle and the difference in probability of a dijet to come from a W~ or 
decay. The experimental distribution of Xg was compared with predictions obtained from 
events generated with PYTHIA, passed through the full detector simulation procedure, 
and reweighted in the fit for given values of the coupling parameters. 

Analysis of £X, jjX and 7X channels 

Data in the topologies iX and jjX were analysed using maximum likelihood fits to 
the observed total numbers of events selected, while the 7X data were fitted using a 
binned extended maximum likelihood fit to the distribution of the reconstructed photon 
energy, E^, in the region > 50 GeV, which has the maximum sensitivity to anomalous 
triple gauge boson couplings. 



4 Results 

The results obtained for the triple gauge boson couplings from the data in each of 
the final states and using the methods discussed above are shown in table [1], together 
with their statistical and systematic errors (see below). The results from all topologies 
are combined with those previously analysed by DELPHI at 183 GeV and reported in 
reference to give the values of the coupling parameters, their errors and the 95% 
confidence limits shown in table 0. In the combination, which is done by adding the 
individual log-likelihood functions, the results in the jjiu and jjjj topologies from the 
methods based on Optimal Observables were used, as these use all the available kinematic 
information and hence are expected to have greater precision. In the fit to each coupling 
parameter, the values of the other parameters were held at zero, their Standard Model 
values. The results of fits in which two of the couplings Agf, Ak^ and were allowed to 
vary are shown in figure ^-c. In no case is any deviation seen from the Standard Model 
prediction of zero for the couplings determined. 

The results shown in figure ^c can be transformed to produce estimates for the mag- 
netic dipole moment, fiw, and the electric quadrupole moment, qw, of the W boson using 
the relations 

g 

/iVK = ■- {gj + + X^) and (3) 



2m 



w 



g 

qw = ^{k^-X^). (4) 



The resulting two-parameter fit gives the values 



^^.^ = 2.22+0-20 and 



e 

i2 



_ 1 18+0.27 
qw ■ — --L--Lo_o.26 

with the confidence level contours shown in figure In the derivation of the result for 
HWi the value of gl, the WW'y charge coupling, has been assumed to be unity, as required 
by electromagnetic gauge invariance. The quantity {g — 2)w, derived from the definition 
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of the gyromagnetic ratio of a particle of spin s, charge Q and mass m, jl = gs-^, is 
therefore, measured to be {g — 2)w = 0.22"'"°'^° 



2m' 

0.19- 



Systematic uncertainties: 

The systematic errors shown in table |I] and included in the results shown in table |^ 
contain contributions from various sources. Table ^ lists the dominant sources of system- 
atic uncertainties for each of the analyses used in the combination. A distinction between 
systematic errors affecting more than one channel and effects specific to only one channel 
is made in the combination of the different channels. The list of common systematic 
effects and the procedure for their combination is given later in this section. 

In the jjii' channel, the dominant effect for Agf and arises from the uncertainty 
in the background contamination, where a conservative estimate of ±10% was used. 
For Ak^, the event reconstruction effects give a comparable contribution. Comparisons 
between Z data and fully simulated events were used to estimate uncertainties of jet 
and lepton energies and of their angular distributions. These uncertainties were then 
used to derive an additional smearing for a sample of simulated events, which was then 
also fitted to the data. The difference arising from fitting this sample and the standard 
sample is quoted as the event reconstruction uncertainty. A further effect considered was 
the possibility of misassignment of the lepton charge. This was again studied in Z data, 
where the fraction of events with misidentified lepton charge was found to be 0.3%. The 
corresponding systematic effect was calculated by fitting to a simulated sample of jjiu 
data with 0.3% of the events randomly assigned the wrong lepton charge. Also included 
in the table is the systematic error arising from effects of limited Monte Carlo statistics 
in the evaluation of signal efficiencies. 

In the jjjj channel, significant contributions to the systematic error come from the use 
of simulated event samples with energies different from that of the data, conservatively 
evaluated by comparing samples generated at 188 and 190 GeV (and labelled "beam 
energy" in the table), and from uncertainties in the jet hadronization model used. The 



latter were estimated by comparing data sets in which the JETSET and HERWIG pS 



fragmentation models were applied to a common set of generated events. The effects 



of colour reconnection following the SKI model p9[ were investigated by performing a 
similar comparison between a sample with maximal reconnection probability and the 
standard unconnected set of JETSET events. As in the analysis of the jjiu channel, 
uncertainties due to the background contamination (taken to be ±5%) and from limited 
simulated signal statistics were also taken into account. 

In the single W channels iX and jjX, the dominant source of systematic errors is 
the uncertainty in the efficiency estimation, which is an effect of the limited amount of 
simulated events available. Limited statistics also affect the background estimation. 

In the jX channel, systematic effects play only a minor role. The main systematic 
contribution originates from the uncertainty in the energy reconstruction of the barrel 
electromagnetic calorimeter. 

As in our previous analysis the combined results shown in table ^ include the 
independent systematic errors from each channel. In addition, systematic effects common 
to more than one channel, such as the theoretical uncertainty in the WW cross-section, 
and the uncertainties in the W mass, in the luminosity measurement and in the LEP 
beam energy were taken into account separately. The most interesting effect among these 
correlated systematics is the uncertainty in the WW cross-section calculation, labelled 
"signal cross-section" in table |^. To estimate this effect, the cross-section was varied by its 
theoretical error of ±2%. The effect of this variation is quite small, particularly in the jjii' 
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channel, which contains the highest sensitivity to the couphngs studied. This is reassuring 



given that a more precise evaluation of the cross-section is now available [30|, which gives 
a value around 2% lower than currently assumed. As this new cross-section calculation 
is not yet implemented in our event generators, we have used the old calculations and 
quote a systematic error which covers the difference between the two cross-section values. 
Uncertainties in the differential cross-sections that could arise from the difference between 
our Monte Carlo generators and the new generators, or from the theoretical uncertainty 
in the new calculations are the subject of an ongoing LEP-wide study and are not taken 
into account in the results presented here. 

The common effects were evaluated individually for each final state and then added 
with weights derived from the statistical precision of the individual channels with respect 
to each coupling. 



5 Conclusions 

Values for the WWV couplings Agf , Ak^ and have been derived from an analysis 
of DELPHI data at 189 GeV. The results have been combined with previously published 
values from DELPHI data at 183 GeV, giving an overall improvement in precision by a 
factor of about two over that of the 183 GeV data 0. The results of the 2-parameter fit 
to the couplings Ak^ and have been used to derive values for the magnetic dipole and 
electric quadrupole moments of the W and for the W gyromagnetic ratio. 

There is no evidence for deviations from Standard Model predictions in any of the 
results obtained. 
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jjiv (Optimal Variables) 


o.ooi;;:"^ ± 0.02 


o.28t;;-;i±o.io 


0.06i;;;"3 ± 0.02 


jjiv {cos 9w, cosOe) 


o.o7tl:\i ± 0.03 


0.00tl^;24 ± 0.10 


0.06l^;iJ ± 0.03 


jjjj (Optimal Variables) 


-0.09l°;l* ± 0.07 


0.12l° jt ±0.24 


o.oil^:!^ ± 0.05 


jjjj (cosOw) 


-0.07l:°o\l ± 0.06 


0.06lg;|^ ± 0.23 


-0.05t°;;| ± 0.06 


IX 


-0.451 J:i ± 0.21 


0.23lo.3l ± 0.19 


OAStiS ± 0.21 


jjx 


-0.431^^9 ± 0.25 


0-19to.57 ±0.11 


0.42l?-jf, ±0.15 


■yX 




0.70lo;99 ± 0.03 


0.65ll;"9 ± 0-09 



Table 1: Fitted values of WWV coupling parameters from DELPHI data at 189 GeV 
using the methods described in the text. The first error given for each value is the 
statistical error at 68% confidence level (CL), obtained by stepping up 0.5 units from the 
minimum of the likelihood curve; the second is the systematic error. In the fits to each 
parameter, the others were set to zero, their Standard Model values. 



Coupling parameter 


Value 


95% confidence interval 


Agf 


- 0.021°:°:^ ± 0.01 


-0.16,0.13 


Ak~i 


0.25t;!;^J ± 0.06 


-0.13,0.68 


\^ 


o.o5lg:^^ ± 0.01 


-0.11,0.23 



Table 2: Values of WWV couphng parameters combining DELPHI data from various 

topologies and energies, as described in the text. The second column shows the value of 
each parameter corresponding to the minimum of the combined negative log-likelihood 
distribution and its errors at 68% CL. The first error quoted is the combined statistical 
and uncorrelated systematic error, the second is the total common systematic (see text). 
The third column shows the 95% confidence intervals on the parameter values, computed 
by stepping up 2.0 units from the minimum of the likelihood curve. In the fits to each 
coupling parameter, the other two parameters were set to zero, their Standard Model 
values. 
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Channel Source Sz Method 






\ 


jj'i'^ JDcLL-K^i UUllU. (JoLlllldLllJli 


nzu.uio 


nzu-uoo 




Signal cross-section 


±0.002 


±0.018 


±0.002 


Lepton charge assignment 


±0.005 


±0.035 


±0.009 


Signal MC statistics 


±0.005 


±0.017 


±0.006 


Event reconstruction 


±0.005 


±0.064 


±0.006 


Total jjlv systematic 


±0.017 


±0.097 


±0.019 


3333 Background estimation 


±0.02 


±0.05 


±0.01 


Si PTi a 1 rross-sprtinn 


±0.02 


±0.13 


±0.01 


Colour reconnection 


±0.03 


±0.07 


±0.01 


Fragmentation 


±0.01 


±0.11 


±0.03 


Beam energy 


±0.05 


±0.11 


±0.02 


Total jjjj systematic 


±0.07 


±0.24 


±0.05 


IX Background estimation 


±0.13 


±0.13 


±0.12 


Signal cross-section 


±0.08 


±0.05 


±0.07 


Efficiency estimation 


±0.15 


±0.13 


±0.16 


Total EX systematic 


±0.21 


±0.19 


±0.21 


jjX Background estimation 


±0.03 


±0.02 


±0.03 


Signal cross-section 


±0.08 


±0.06 


±0.08 


Efficiency estimation 


±0.23 


±0.09 


±0.12 


Total jjX systematic 


±0.25 


±0.11 


±0.15 


7X Energy reconstruction 




±0.03 


±0.09 


Signal cross-section 




±0.01 


±0.01 


Efficiency estimation 




±0.01 


±0.01 


Total 7X systematic 




±0.03 


±0.09 



Table 3: Main systematic contributions in each analysed channel. 
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CjCnycoCn) 

Figure 2: Distribution of the optimal variable ^ {Q)/co{fl) (defined in the text) for the 
coupling Agf in the jjjj channel from DELPHI data at 189 GeV. The points represent 
the data and the histogram shows the distribution expected for the fitted value of Agf 
(see table p. The shaded area is the estimated background contribution. 
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cos6j 



Figure 3: Distributions in cos 9w and cos 9i for jjiu events {i = e, /i, r) for DELPHI data, 
shown as dots, at 189 GeV. The histogram shows the distribution expected for the fitted 
value of Agf (see table jT]). The shaded area is the estimated background contribution. 
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Figure 4: Results of fits in the planes of the parameters a) (A^ff , Ak^), b) {Agf , A^), c) 
(A^, Ak^) and d) {fxw, Qw) using data from the final states listed in table |l| combined with 
DELPHI results at lower energy p|. In the combination, the analyses of the jjii' and jjjj 
final states based on Optimal Observable techniques were used. In each case the third 
parameter was fixed at its Standard Model value. The values maximizing the likelihood 
function and the regions accepted at the 68% and 95% confidence levels are shown. 
The confidence intervals are computed as the contours where the value of the likelihood 
function is increased by 1.15 units (68% CL) and 3.0 units (95% CL) respectively from 
the minimum. 



